BACKGROUND: Although childhood cardiovascular risk can contribute to adult cardiovascular disease, and fertility and adult cardiovascular health are linked, the association between early-life cardiovascular risk and female infertility has not been studied. METHODS: A total of 1799 women participated in the Babies substudy of the Bogalusa Heart Study. Systolic blood pressure (SBP), diastolic blood pressure (DBP), low-density lipoprotein (LDL), high-density lipoprotein (HDL), triglycerides, glucose, and insulin were age-standardized and examined as predictors of self-reported fertility difficulties using multivariable logistic regression with adjustment for confounders. Polycystic ovarian syndrome (PCOS) was assessed via a report of diagnosis and symptoms, using a validated questionnaire. RESULTS: Women with a history of PCOS were more likely to report fertility difficulties. Childhood and adolescent cardiovascular risk factors were generally not associated with fertility indicators, although childhood LDL (aOR 1.38 per one-SD increase, 0.97-1.96) and total cholesterol (aOR 1.49, 1.06-2.11) were raised in those who never became pregnant. Pre-pregnancy risk SBP (overall fertility, aOR 1.49, 1.00-2.23) and glucose levels (ever tried but unable, aOR 2.65, 1.39-5.06) were associated with an increased risk of some infertility indicators. These results were largely unaffected by exclusion of women with PCOS. CONCLUSION: Some childhood and pre-pregnancy cardiovascular risk factors are associated with adult subfertility.
INTRODUCTION
Infertility, the inability to get pregnant, is a common condition that affects about 12% of child-bearing age women in the United States. 1 However, the determinants of infertility are poorly understood. Although a number of risk factors are known (especially age, smoking, and high or low weight 2 ), the underlying etiology of infertility among~15-30% of couples cannot be unexplained after their diagnostic workup. 3, 4 Even if the underlying medical etiology is known, knowledge of the proximal biological pathway may not be of much use in preventing or treating the condition. Obesity in adulthood, 5 and even childhood, 6 has been associated with infertility; associations with waist circumference and waist-hip ratio are less clear. 7, 8 Other cardiovascular risk factors have been studied to a lesser extent. A few studies have suggested that abnormal total cholesterol, LDL, HDL, and triglycerides are all associated with reduced fecundability or clinical infertility, partially though not completely due to associations with BMI. [9] [10] [11] Infertile women may be at higher risk for later cardiovascular disease (CVD), 12, 13 which might indicate a shared etiology. However, although cardiovascular risk factors in childhood can contribute to the development of CVD in adulthood, 14, 15 our literature review did not find any previous assessment of the association between cardiovascular risk factors in early life and female infertility.
The present study investigated the association between childhood cardiovascular risk factors and subfertility. Hypothetically, cardiovascular risk factors at an early age could contribute to subfertility later, thus offering a new plausible approach for infertility prevention. We also considered the role of polycystic ovarian syndrome (PCOS), a chronic, lifelong endocrine disorder with correlations both with infertility 16, 17 and cardiometabolic disease, [18] [19] [20] [21] in the relationship between early-life cardiovascular risk factors and fertility.
METHODS

Study population
The Bogalusa Heart Study (BHS) is a biracial (65% White and 35% Black) longitudinal epidemiological study of the early natural history of CVD. The BHS, founded by Dr. Gerald S. Berenson in 1973, conducted serial observations from child to adulthood in the semirural community of Bogalusa, Louisiana, USA. 22 Initial study participants aged 3-18 were enrolled from schools in 1973 and additional participants were added in the study over time. Data collection occurred approximately every 2 years and 5 years for children and adults, respectively. These cross-sectional studies were combined to create the overall BHS study population.
The Bogalusa Babies sub-study (BBS) was started in May 2013 to investigate the relation between cardiovascular risk factors in childhood with female reproductive outcomes. Female study participants who had at least one visit in BHS prior to 18-years old were eligible to be included in this study (n = 5914), regardless of whether they had been pregnant. Of these, 1804 participated in BBS from May 2013 to November 2017. The most common reason for not participating was that they could not be located or contacted. Compared with the rest of the study cohort, participants in the Babies study had participated more often and more recently in the study, had a slightly older age at first visit (10.0 vs. 9.4, p < 0.01), and were more likely to be black (41 vs. 34%, p < 0.01). When standardized for age, BMI and blood pressure were not different for included and excluded participants; with a few exceptions (statistically lower childhood triglycerides (p = 0.01) and total adolescent cholesterol (p = 0.05)), neither were lipid levels. A total of 1799 had information on either infertility-specific question or number of total pregnancies. The number included in each individual analysis depended on the amount of data available for the individual risk factors (Table 1) .
Cardiovascular risk factors
Blood pressure was measured on the right arm of the subjects in a relaxed, sitting position. The length and circumference of the arms were measured during the examination for proper cuff size. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) levels were measured by using mercury sphygmomanometers. The average of six replicate measurements was used in all analyses, taken by each of two trained examiners who were blinded to each other's readings. Serum lipoprotein cholesterols, including high-density lipoprotein (HDL) and low-density lipoprotein (LDL) cholesterol, were analyzed by using a combination of heparin calcium precipitation and agar-agarose gel electrophoresis procedures. Serum triglycerides level was measured with a Technicon Auto Analyzer II according to the laboratory manual of the Lipid Research Clinics Program during 1973-1986 and was determined by enzymatic procedures since 1987, both of which met the performance requirements of the lipid-standardization program of the Centers for Disease Control and Prevention. From 1981 to 1991, plasma glucose was measured by a glucose oxidase method using a Beckman Glucose Analyzer (Beckman Instruments, Palo Alto, CA). Since then, it has been measured enzymatically as part of a multichemistry (SMA20) profile. A radioimmunoassay kit was used to measure plasma insulin (Phadebas Insulin Kit, Pharmacia Diagnostics, Piscataway, NJ).
For childhood, periods of growth were divided into two stages, childhood (age < 12) and adolescence (12 ≤ age ≤ 18). If a participant had more than one measurement in a given period, the measurement in the last visit in a period was used. For pre-pregnancy cardiovascular risk factors, measures in the last visit prior to pregnancy in adolescence and adulthood were used among women who had ever been pregnant; among neverpregnant women, the measures in the last visit after age 18 and before age 32.1 (the mean age of the last visit among those who got pregnant plus 5 years) were used. For lipids, glucose, and insulin, the measurement taken fasting that fit of these requirements was used; between 1 and 10% of the measures at any given time point were non-fasting (with childhood visits less likely to be fasting).
Adult fertility measures
During the interview in BBS, the participants were asked several fertility-related questions; four self-reported questions are included in this analysis. Women were asked whether they had taken any fertility drugs or received any medical procedures from a doctor, nurse, or other health care worker to help them get pregnant; ever tried to become pregnant and were not able to; or had ever been to a doctor to get help in getting pregnant. Women who got pregnant were asked their time to pregnancy (TTP); TTP > 12 months was considered a difficulty. Women were defined overall as having any fertility difficulties if they answered "yes" to any one of these questions, and could be included in one or more of them. Additionally, ever getting pregnant was used as an indicator of fertility. Although self-report is not perfect, it provides a reasonable estimate of fertility difficulties with high specificity. 23, 24 Specifically, use of fertility treatment, long TTP, and occurrence of pregnancy are well-reported, [24] [25] [26] with exact TTP being less wellreported. 27 Covariates Age was calculated from participant's date of birth and interview. Race (White/Black) was recorded at the initial BHS visit. The highest level of education completed was categorized as high school or less, some college, and college or more. Current height was measured in the visit at age 16 or older; 28 if the height value was not available, the multiplier method was used to estimate Insulin height. 29 Current weight was obtained by the estimate of the participants during the interview in BBS; weight and height were used to calculate adult BMI. PCOS was measured by using the instrument of Pederson and Corenblum, which includes four self-report questions, "Have you ever been told by a doctor that you had PCOS?", "Between the ages of 16 and 40, about how long was your average menstrual cycle?", "During your menstruating years, did you have a tendency to grow dark, coarse hair on your body?", "Between the ages of 16 and 40, have you ever noticed a milky discharge from your nipples (not including during pregnancy or recent childbirth)?", and whether participants were obese or overweight according to their mean BMI at adult visits (Table S1) , which in validation studies had a sensitivity of 77% and a specificity of 94%. 30 Smoking history was based on reporting of current and former smoking at any visit; the participants who answered "yes" to either smoking currently or formerly at any visit were coded as "ever smoked". Smoking during pregnancy was queried about each pregnancy and smoking during any trimester was counted as smoking.
Statistical analysis Data analyses were performed by using SAS version 9.4 (SAS Institute Inc, Cary, NC)
Group comparisons were performed using t tests or χ 2 tests for continuous variables and categorical variables, respectively. Cochran-Armitage tests of trend were used for ordinal variables.
Multivariable logistic regression models using PROC LOGISTIC in SAS were computed to estimate odds ratios and 95% confidence interval while controlling for covariates associated with fertility, including current age, BMI at time of measure, education level, race, and smoking history. Quadratic BMI was also included in the model as inadequate body fat may also cause subfertility. 31, 32 Quadratic terms for cardiovascular predictors were assessed but did not suggest nonlinear associations.
Cardiovascular risk factors were all considered as continuous predictors, and were age-standardized to z-score. Fertility difficulties were all considered as dichotomous variables. After analyses above, the model was repeated, excluding women who reported a diagnosis of PCOS or screened positive based on the instrument above (n = 174, 9.7%), as well as adjusting for PCOS (Tables S2 and S3 ).
For child participants, parental permission and assent of the child were obtained in the original study and interviews, and informed consent was obtained for adult participants. All study procedures were approved by the Institutional Review Board of Tulane University.
RESULTS
In this study, the mean current age was 45.3 years; 59% of participants were White and 41% were Black. The participants who reported ever receiving or seeking medical help to become pregnant were more likely to be White and have higher education ( Table 1 ). The majority of participants of this study had been pregnant (88.6%) and had at least one live birth (85.8%). Women with a history of PCOS were also more likely to report fertility difficulties. All indicators of infertility were strongly correlated with each other (p < 0.01). Of those who reported never having been pregnant, 63 (32%) reported ever trying but not being able to become pregnant, vs. 252 (16%) of those who had been pregnant at least once. Childhood and adolescent cardiovascular risk factors were generally not associated with fertility indicators (Table 2) , although childhood LDL (aOR 1.38 per 1-SD unit, 0.97-1.96) and total cholesterol (aOR 1.49 per 1-SD unit, 1.06-2.11) were raised in those who never became pregnant. Childhood glucose was protective (aOR, 0.70, 0.49-1.00). Precision followed sample size, so the most precise estimates were for blood pressure, and childhood estimates were generally a bit more precise than adolescent. Pre-pregnancy risk SBP (any fertility difficulties, aOR 1.49 per 1-SD unit, 1.00-2.23) and glucose levels (ever tried but unable, aOR 2.65 per 1-SD unit, 1.39-5.06) were associated with an increased risk of some infertility indicators (Table 3) . Again, the associations with blood pressure were measured most precisely. These results were largely unaffected by exclusion of women with PCOS (Tables 4 and 5) ; indeed, the associations between SBP as an adolescent became stronger (e.g., aOR 1.81 per 1-SD unit, 1.04-3.16 for receiving medical help) and HDL as an adolescent was protective (aOR for any fertility difficulties 0.70, 0.53-0.94).
DISCUSSION
This study investigated lifetime cardiometabolic risk as a predictor of fertility, which is seldom studied in a life-course perspective.
Overall, few associations were seen, although overall cholesterol, blood pressure, and glucose were associated with indicators of infertility in some analyses. The results were generally similar when women with PCOS were omitted, and some cases were strengthened. Few previous studies have addressed the relationship between CVD risk factors and fertility. Pugh et al. reported a 19-36% decrease in fecundability associated with abnormal lipoprotein levels; 9 this is in the range of the associations we saw between pre-pregnancy cholesterol and triglycerides and never becoming pregnant (although our associations are not as precise). Schisterman et al. and Verit et al. also found reductions in fecundity with higher lipids, although the type of analysis makes comparisons of effect size difficult. 10, 33 Some previous work has addressed infertility as a predictor of later or concurrent CVD, rather than vice versa. Swedish studies showed that women reporting subfertility for ≥5 years had a 20% increased risk of incident CVD compared with women reporting no history of subfertility, while subfertility <5 years was not related to CVD; 12 similarly, women who had used in vitro fertilization had a higher incidence of later hypertension. 13 Several mechanisms could link cardiovascular risk and infertility in women. Women with PCOS have higher levels of LDL-C, triglycerides, and lower levels of HDL-C compared with control groups. 34 In addition, infertility related to PCOS is correlated with increased waist circumference, insulin resistance (IR), and higher lipoprotein ratios (TG/HDL-C) compared to healthy controls. 35 However, most of the associations remained even after women with PCOS were removed from analysis or when PCOS was adjusted for (data not shown), despite the association between PCOS and the fertility markers. This suggests either that the PCOS effects on fertility are mediated through other pathways (such as endocrine pathways), or that women who sought medical attention for fertility were more likely to be diagnosed with PCOS. Cardiovascular risk markers are increased in young women with diminished ovarian reserve 33 and primary ovarian insufficiency, 36 both of which are linked to infertility. Furthermore, endometriosis, which is found in 5-10% of infertile women, is also related to CVD. 37 PCOS, endometriosis, and CVD are all associated with inflammation. 38 Other possible links include hypertension (pregnancy-induced or nonpregnancy-induced), and early miscarriages due to hypercoagulable states/thrombophilia, 39 associated with excess CVD risk. 40 A major strength of the present investigation is that we examined cardiovascular risk factors, prospectively obtained since childhood. This minimizes recall bias, and our questionnaire data allow statistical control for several important confounders, including age, race, smoking history, education level, and current BMI. Statistical power was provided by more than 600 women with subfertility. In addition, our analysis includes women who never became pregnant, so the associations are not conditioned on eventual fertility. Assessment of fertility difficulties was based on self-report. Selfreport of ever becoming pregnant or having a baby should be accurate. Reports were consistent between different indicators of infertility and overall pregnancy history, and correlated among each other, though not identical. The sample was communitybased, including both African-American and white women, unlike many studies of fertility, which tend to be conducted among those seeking treatment. Such self-report includes women who met the clinical definition for infertility, but never sought treatment. Thus, we have a more generalizable study than those predicated on seeking medical advice. Also, many of the included women became pregnant before ART was common. In addition, this study used several fertility-related questions as surrogates of subfertility. Still, self-report of fertility issues is subject to misclassification, 41 and we have no information on specific clinical diagnoses or possible causes of infertility, which could include partner's infertility rather than conditions related to the women. Likewise, PCOS was also self-reported (although with a validated questionnaire) and tends to be underdiagnosed; therefore, a certain amount of PCOS cases may have been missed. The large number of comparisons made false positives a possibility, and, indeed, there are one or two protective associations as well. Finally, adult height, and thus adult BMI, was estimated for much of the cohort.
In conclusion, this study suggests a degree of association between pre-pregnancy cardiovascular health and fertility outcomes, but little for earlier life. Further studies are necessary to explore the association using both clinical and prospective 
